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Waveguide quantum electrodynamics in squeezed vacuum
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We study the dynamics of a general multiemitter system coupled to the squeezed vacuum reservoir and derive
a master equation for this system based on the Weisskopf-Wigner approximation. In this theory, we include the
effect of positions of the squeezing sources which is usually neglected in the previous studies. We apply this theory
to a quasi-one-dimensional waveguide case where the squeezing in one dimension is experimentally achievable.
We show that while dipole-dipole interaction induced by ordinary vacuum depends on the emitter separation,
the two-photon process due to the squeezed vacuum depends on the positions of the emitters with respect to
the squeezing sources. The dephasing rate, decay rate, and the resonance fluorescence of the waveguide-QED
in the squeezed vacuum are controllable by changing the positions of emitters. Furthermore, we demonstrate that
the stationary maximum entangled NOON state for identical emitters can be reached with arbitrary initial state
when the center-of-mass position of the emitters satisfies certain conditions.
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I. INTRODUCTION

Due to the well-known Purcell effect [1], the spontaneous
decay rate of an emitter can be modified by engineering the
electromagnetic bath environment with which the emitters
interact. One example of bath engineering is the squeezed
vacuum. Although the squeezed vacuum does not change the
density of the electromagnetic modes, it can still modify the
decay rate of the emitter [2—4]. A single emitter interacting with
the squeezed vacuum has been widely studied [5-7]. However,
there are only a few publications dealing with multiple emitters
interacting with squeezed vacuum. Among these works, most
are considering the case where emitters are separated by much
less than an optical wavelength which is the well-known Dicke
model [8]. It is shown that in a broadband squeezed vacuum, the
emitter system evolves into a state whose properties are similar
to those of the squeezed vacuum. Only a very few papers study
the case when the separation between the emitters becomes
important [9-11]. It is found that the dipole-dipole interaction
induced by ordinary vacuum depends on the relative emitter
separation, while the interaction induced by the squeezed vac-
uum depends on the center-of-mass coordinate of the emitters.
Since it depends on the position of the center of mass, the
choice of the coordinate system should be no longer arbitrary.
However, it is not yet clearly illustrated in this literature how to
choose the coordinate system. Actually, the dependence on the
absolute position comes from the fact that the squeezed vacuum
is not vacuum but generated by a coherent light source. The
phase of a coherent source is important for the dynamics of the
emitter system [12] and it is seldom considered in the previous
literature [9-11]. People usually thought this phase could be
included in the phase of the correlation function. However,
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the phase in the correlation function is usually treated as a
constant, while it can be a function of position. In addition, the
previous calculations mainly consider a broadband squeezing
in all directions of the three-dimensional (3D) space, which is
difficult to be experimentally realized.

Recently, photon transport in a one-dimensional (1D)
waveguide coupled to quantum emitters (well known as
“waveguide-QED”) has attracted much attention due to its
possible applications in quantum device and quantum infor-
mation [13-25]. In these previous studies, the photon modes
in the waveguide are usually considered to be ordinary vacuum
modes. The case when the waveguide modes are squeezed is
seldom studied. In contrast to the 3D case, squeezing in 1D
is more experimentally feasible. Suppression of the radiative
decay of atomic coherence and the linewidth of the resonance
fluorescence have been experimentally demonstrated in a 1D
microwave transmission line coupled to a single artificial atom
[26-29]. However, many-body interaction in a 1D waveguide-
QED system coupled to squeezed vacuum has not yet been
studied.

In this paper we consider the phase of the squeezing source
and rederive the master equation for multiatom dynamics
in the squeezed vacuum based on the Weisskopf-Wigner
approximation. We show that while the collective dipole-
dipole interaction due to the ordinary vacuum depends on the
emitter separation, the collective two-photon decay rate due to
the squeezed vacuum largely depends on the center-of-mass
position of the emitters relative to the squeezing source. We
then apply this theory to the 1D waveguide-QED system with
squeezing reservoir. Contrary to the traditional result that the
dephasing rate of a single atom in the squeezed vacuum is a
constant [4,30], our calculation shows that the dephasing rate
is actually position dependent. As dipole-dipole interaction is
involved, both emitter separation and center-of-mass coordi-
nate can affect the decay rate, dephasing rate, and the emitted
resonance fluorescence spectrum. In addition, we also show
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that stationary quantum entanglement can be prepared in this
system by the squeezing reservoir. The stationary maximum
entangled NOON state can be approached if the center of mass
of the emitters is at a certain position.

This paper is organized as follows. In Sec. I, we introduce
the Hamiltonian of the system and the modified mode function
for the squeezed vacuum. In Sec. III, we derive the master
equation for the emitter system in a 3D case based on the
Weisskopf-Wigner approximations. In Sec. IV, we consider
the squeezing in a 1D waveguide-QED system where we
show how the dephasing rate depends on the position of the
atoms and we also show that stationary quantum entangled
state can be prepared. Then, we analyze the properties of
power spectrum under the effects of squeezed vacuum and
dipole-dipole interaction. Finally, we summarize our results.

II. HAMILTONIAN AND MODE FUNCTION

We here consider N, identical two-level atoms located at r;
(i =1,...,N,).Suppose that all the transition dipole moments
jt; have the same amplitude and direction. The atom-field
system is described by the Hamiltonian

H = Hj + Hp + Har, (D

where Hy = vaz"l hw;le;){e;| is the atomic Hamiltonian and
le;) is the excited state of the ith atom with transition
frequency w;. Here, for simplicity, we assume that all the
atoms have the same transition frequency, i.e., w; = wo. The
Hamiltonian of the EM field is Hp = Y, hiwk(a),axs + 1)

where dy;, and &,Tm are the annihilation and creation operators
of the field mode with wave vector k, polarization s, and
frequency wy ;. The interaction Hamiltonian in electric-dipole
approximation is Hap = —ili ) Z?:, (i - uks(ri)S; ags +
n; - ups(r;)S; ars — H.c.], where p; is the electric dipole
moment and S;’ and S, are the raising and lowering operator
for the ith atom. The mode function of the squeezed vacuum
is given by

ks ik-(ri—oxs)
ey e Tk 2
2€0Fl ks ( )

ups(r;) =

where oy, includes the effects of the initial phase and the
position of the squeezing source with wave vector ks. Here
we need to make two assumptions: first, one specific mode is
generated from a single source, i.e., mode ks is only generated
from the source located at o ; second, the phases of all modes
can be well defined by k - (r — oy;). In the ordinary vacuum
or thermal reservoir, there is no source and we can set 0z, = 0,
so the mode function shown in Eq. (2) is reduced to the
normal cases [30]. However, when the reservoir is produced
by different sources with nonvanishing correlation function
(&,:Y&LS,) and (axsayy), for example, the squeezed vacuum
reservoir, the spatial distribution of the source is important.
Neglecting oy, in the mode function will lead to an ambiguity
of physics where the emitters’ coordinates are not well defined
[11]. Therefore, the position of the source should be included
in the mode function when the squeezed vacuum is considered.
One can also add an additional global phase ¢'® to the mode
function Eq. (2), but for simplicity[12], we can set ¢ = 0.

III. MASTER EQUATION

In this section, we first derive the master equation of a
multiemitter system in a general 3D squeezed vacuum with
the Hamiltonian shown in Eq. (1) and mode function shown
in Eq. (2). The Hamiltonian in the interaction picture without
rotating-wave approximation is given by

V)= =iy Y lw - unr) S (0 (1)
ks i

R r)ST a0 —Hel. ()

where SE(t) = STe* ™ a,,(t) = agee™ !, and a) (1) =
&,tse""””’ . Different from Ref. [11], no rotating-wave approxi-
mation is made at this stage. The equation of motion for the
reduced density matrix of the system is given by [30]

pS = —=TralV().p*(0) @ p" (0]

1 t
- T / VLIV — 1,05 — 1) ® pF (O)]1dT,
0

“4)

where p” is the density matrix for the squeezed vacuum
reservoir and is defined by pf = ]_[kﬁsSk,sIOkUik)(OkOiHS;S.
The squeezed operator Sk (¢) = exp(¢*ar,+kay—k —
;a}io +ka,TCO_k), where ¢ =re!? is the squeezing parameter
with the degree of squeezing r and the squeezing phase 6. For
simplicity, we can also assume that cky = wy, i.e., the center
frequency of the squeezing field is equal to the transition
frequency of the atom.

For a squeezed vacuum reservoir, it can be shown that [30]

(aks) = {a} ) =0, (5a)
(Cl,t,xak/’sz) = sinh® réy sy, (5b)
(ar.say, ) = cosh® répds, (5¢)
(a) al, ) = —e™ cosh(r) sinh(r)8y o,k 8ye.  (5d)
(aksay ¢) = —e' cosh(r) sinh(r)8p s, i8ss-  (5€)

For simplicity, we can set the squeezing phase 6 = 0. On
inserting these correlation functions into Eq. (4), we can obtain
the master equation (see Appendix A for the derivation):

dp’

_ . et o Sy i(wi—w))t
=1 ALSTS; e

i

- %Z%‘j(l +N)(p°SS; + 5587 p°
ij

— 287 pSSsel e

B %ZVUN(/OSSt_Sf +5787p°

i,j
_ 2S;’psSi_)e*’(""’*“’f)’ _ 5 Z ZV/,’MeZMkO‘"R
a=% ij

x (P87 8% + 5789pS — 28 p%S7), (6)
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where the first three terms are the same as in the thermal
reservoir and the last term is the collective decay due to the
squeezed vacuum. We have M = sinh(r)cosh(r) and average
photon number N = sinh?(r). The collective energy shifts A; j
and decay rates y;; due to the ordinary vacuum are given by
[31,32]

3 kori;
Aij = Z‘/V"V"{ —-(1- Cosza)w
0%ij
sin(korij) COS(korij)
+(1—3c0s2a)|: + , (N
(korij)? (korij)?
vij = JYiviFkorij), (8)

(1)3[1,2
3meghc’
in ordinary vacuum and F(x) = %{(1 — cos? ot)Si% + (1 —
3 cos? a)[“)’% — Si)%]}. Different from the thermal reservoir
terms, the squeezed vacuum can contribute to the additional
collective two-photon decay rate of the system which is given
by

where y = is the spontaneous decay rate of the atom

v =y & R F(kolri +r;)). ©)

Thus the collective decay due to the squeezed vacuum depends
on the position of the center of mass of the emitters instead of
their separation. One may think this result is identical to the
previous work [9,10] except the phase e**0R, but that is not
true. No matter how the coordinate system is built, to reach
the neat form of Eq. (9), r; must still be interpreted as the
displacement from the center of squeezing sources to the ith
atom. When their center of mass is at equal distances from
all squeezing sources (i.e., r; +r; = 0), the decay induced by
the squeezing is the strongest due to the perfectly constructive
interference of the two-photon excitation from all directions.
It decreases when it deviates from the center due to the
destructive interference. The master equation shown in Eq. (6)
can be transformed to the Lindblad form [33] and the density
matrix is positive definite, which is proven in Appendix B.
The phase factor e?*:R can be effectively regarded as an
controllable phase of M, which can be incorporated into 6.

IV. WAVEGUIDE-QED IN THE SQUEEZED VACUUM

In practice, it is very difficult to squeeze all photon modes
in 3D case. Since squeezing in 1D is experimentally achiev-
able [28,29], in this section we discuss the dynamics of the
waveguide-QED in the squeezed vacuum. Here, we consider a
perfect rectangular waveguide with negligible loss out of the
waveguide as is shown in Fig. 1(a). We assume that the cross
section of the waveguide is a square with dimensions a X b.
The origin of the coordinate system is chosen to be at the center
of the two squeezing sources with the positions of the sources to
be (0,0, £ R). The emitters are located along the longitudinal
centerline of the waveguide at (0,0,7;) (( = 1,2, ...,N,) with
the squeezed vacuum injected from both ends by the parametric
process. Compared with the 3D case, the master equation in
the 1D case is the same as Eq. (6) except that the values of
Yij»¥ij» Aij are different.

Different from the free-space case, the square waveguide
can only support certain photon modes. The allowed TE and
TM modes are shown in Appendix C and their dispersion
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FIG. 1. (a) Schematic setup for waveguide-QED in a 1D squeezed
vacuum where the vacuum is squeezed from both directions. (b) The
dispersion relations inside the waveguide. Here the atomic transition
frequency is ]'2%, which is below the cutoff frequency of TE;; mode.
Considering the fact that the atomic dipole moment is along y axis
and E, # 0 only for TE,o, we only need to consider TE;; mode in

our calculation.

relations are shown in Fig. 1(b). To simplify the problem, we
assume that the transition dipole moment of the emitter is along
the y direction and the size of the waveguide satisfies 1¢/2 <
a < Ao//2, where Ay = 27 ¢/wy with wy being the transition
frequency of the emitter. In this case, the emitter is mainly
coupled to the TE;p mode [Fig. 1(b)]. The density of states
of the EM field in the waveguide is D(v) = £ v

The coupling strength between the emitter and the TE;o mode
is therefore given by g = u - E/h = pu/v/egLSh [34]. The

single emitter decay rate due to the waveguide modes is
212w}

m =Y, (10)

Yia =27y _|g()]*8(wp — v) =

where 1 = 3ioho,/(2a?) is the enhancement factor, Ao, =
21 [ ko, is the effective longitudinal wavelength, and yy is the
spontaneous decay rate in the free space. Around the cutoff
frequency, we have kyp, — 0 and therefore n — oo, i.e., the
spontaneous decay rate can be greatly enhanced.

The master equation in the 1D waveguide is also given by
Eq. (6), but the coefficients are replaced by (see Appendix C
for detail calculations)

Yij = V1a cos(korij),

A

Yid .
ij TSln(kOZrij)s

/!

Yij = Y1a coslkoz(ri +rj)], 1D

where ko, = /(%)2 - (%)2 is the wave vector along the waveg-

uide direction and r;; = [r; — r;| is the separation between
two emitters. It is worth noting that Eq. (6) is valid not only
for the rectangular waveguide, but also for an arbitrary type
of waveguide with arbitrary atomic transition frequency. The
only difference for different types of waveguide and different
transition frequency is the value of ;4 in Eq. (10).

Similar to the 3D case, the two-photon decay rate induced
by the squeezed vacuum depends on the center of mass of
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FIG. 2. (a) Dephasing dynamics of a single emitter in the squeezed vacuum. The black and red solid curves are the results of o, and o,
respectively. The blue dotted line is the result when there is no squeezing (thermal reservoir). (b) The dephasing rates of o, and o, as a function
of the emitter position. For (a) and (b), the squeezing parameters are chosen to be r = 0.5.

the emitters. This can be explained by the interference shown
in Fig. 1(b). The emitters can absorb two photons from the
squeezing sources either from the left or the right. These
two processes can interfere with each other and we have
yi/j o S} S? + SpS% =2 e%kuR cos[ko,(r; + r;)], which is a
periodic function with period XAo,. Thus, when the center of
mass happens to be at the antinodes (nodes) of the standing
wave, the two-photon decay rate is maximized (minimized).

A. One emitter

Our theory can be used to calculate the dynamics of an
arbitrary number of emitters. Let us first see the one-emitter
case. We still assume that the emitter is located at (0,0,6), with
the transition dipole moment along the y axis. By eliminating
the terms with i # j, the master equation shown in Eq. (6) is
reduced to the single-atom case which is given by

dp’ .
% — sinh(r) cosh(r)y/ (2 R §* pS §* + H.c.)

1
—5v cosh’(r)(p5S+S™ + STS7pS — 25 pSsH)

1
—5v sinh?(r)(p5S~ ST + S™StpS —25TpSs7),
(12)

with y = y14 and y’ = y14 cos(2kyd). It is worth noting that
the squeezing terms like S*p5S* and S~ p5S~ in Eq. (12) only
affect the nondiagonal terms but not the diagonal terms. Thus,
for single emitter, the squeezing can only modify the dephasing
rate rather than the population decay rate. We also notice that
the dephasing rate due to the squeezed vacuum is dependent
on the emitter position because the interference between the
two squeezing sources generates a standing wave.

The dynamical equations for the expectation value of o
and o_ are given by

13)

where

—~(N+ 9D

M e~ 2ko:R cog(2ko.8)
U=y 2iko, R |
M 2o COS(2k0Z6)

~(N+3)
(14)

The eigenvalues of U are yge=[N+3=+
M cos(2ko,8)]y1a, which are the dephasing rate. In fact,
such a position-dependent property of the dephasing rate
can be associated with the variance in the quadrature phases
of the squeezed field at the site of the atom. Considering
the operator X(6,a,8) = ﬁ(ei(koﬁ'k«’v)‘sakoﬁkzei“ +

elko=kdg, . e® +H.c.), which describes the entangled
modes of the two-mode squeezing, we can find its
variance AX(S,x,B) = %[N + % — M cos(2ko;6 + a + B)].
Therefore, we have the relation that y,, + = 2AX(§,a + B =
0) and yy, - =2AX(6,a + B = m).

We can see that when there is no squeezing, i.e., M =0,
both o, and o, have the same dephasing rate coshz(r)yld /2
[blue dotted line in Fig. 2(a)]. However, if there is squeezing,
i.e., M # 0, o, and o, have different dephasing rates with one
being enhanced and the other one being suppressed [solid lines
in Fig. 2(a)]. The dephasing rate can be tuned by changing
the position of the emitter. In Fig. 2(b), it is shown that the
dephasing rates of o, and oy vary periodically as the emitter
position changes. At some regions, o, decays faster than o,
while at other regions, o, decays slower than o,. This result
challenges the traditional conclusion where the dephasing rate
is a position-independent constant [4,30].

The power spectrum of the resonance fluorescence can also
be calculated and the result is similar to Ref. [35] with the

simple replacements of M by My’ and the phase of M by
o2iko:R

B. Two emitters

Next, we consider the two-emitter case where dipole-dipole
interaction can occur and the two-photon process is allowed. In
Fig. 3(a), we show the dynamics of the transverse polarization
o, and o,. Here, we compare two different emitter separations
rip = 0.5A0; and ri5 = 1.01¢,. In both cases, the x and y
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FIG. 3. Two-emitter case: transverse polarization decay of the first emitter as a function of time. (a) r;» = 0.5, for superscript (1) and
r12 = 1.0A¢, for superscript (2), r = 0.5, and r. = 0; (b) population decay as a function of time when ri, = 0.54¢,, r = 0.5, and r. = 0. Solid
lines are the results in squeezed vacuum and the dotted lines are the results in the thermal reservoir with N = sinh?(r). Here the dynamics of
p++ and p__ are highly identical. (c) Dephasing rate as a function of atom separation with the center of mass fixed at r. = 0. (d) Dephasing
rate as a function of center-of-mass position with atom separation fixed at r;; = Ao, where the two-atom case is plotted in solid lines and the

five-atom case is plotted in dashed lines.

polarizations have the same decay dynamics in the thermal
reservoir. However, in the squeezed vacuum, the two orthog-
onal polarizations have different decay rates with one being
enhanced and the other being suppressed. When rj; = 0.5A¢;,
o, decays faster than that in the thermal reservoir, but o,
decays much slower than that in the thermal reservoir, while
the opposite result occurs when rj, = 1.0x¢,. This is similar
to the one-emitter case.

Different from the one-emitter case, as is shown in Fig. 3(b),
the squeezed vacuum can affect the population decay of the
two-emitter system. This is because the two-photon process
is allowed in the two-emitter system. Without the squeezed
vacuum, the system is finally in the thermal equilibrium state
(dotted lines). However, the squeezed vacuum can deplete the
populations on | + +) and | — —) with |£) = L2(|e1)|g2) +
|g1)]e2)). In fact, the atomic pair evolves into an entanglement
state in this case and we will discuss it later.

We also study the dephasing rate as a function of emitter
separation and position of the center of mass which are shown
in Figs. 3(c) and 3(d), respectively. Here the dephasing rate is
defined to be the inverse of time for o, (o;) to damp to 1/e of
its initial value. Similar to the one-emitter case, the dephasing
rate is a periodic function of both 7, and r.. However, due to
the dipole-dipole interaction, the dephasing rate is no longer a
constant even in the thermal reservoir [dotted line in Fig. 3(c)]

so that the value ranges of o, and o, are no longer the same in
the squeezed vacuum [solid lines in Fig. 3(c)]. It is noted that
when iy = 0.5n); (n is any integer) o, does not decay to 1/e
of its initial value due to the subradiance effect. When we fix
the atom separation and change the center of mass [Fig. 3(d)],
the dephasing rate changes periodically and harmonically
like the one-emitter case. Therefore, the dephasing rate is
tunable by changing the atom separation or position of center of
mass. Usually, the positions of the atoms are not easily tuned.
However, we can easily tune the position of the squeezing
sources to effectively change the center of mass of the atoms.
Figure 3(d) also shows the result when there are five emitters
(dashed lines). The dephasing rate is significantly increased
when N, increases due to the collective effect, which depends
on the number of atoms but not its parity.

C. Quantum entanglement

Quantum entanglement is an important resource of the
quantum information and quantum metrology [36,37]. Prepa-
ration of the maximum entangled state is still a central topic
of interest. It has been shown that stationary quantum entan-
glement can be dissipatively prepared by engineering the bath
environment [38—41]. By squeezing the environment, quantum
entanglement between emitters can be also created [42—44].
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FIG. 4. (a) Concurrence evolution of different initial states in squeezed vacuum, where r = 1, r. = 0, and rj; = 0.25X,. (b) Fidelity

evolution of different initial states in the same environment.

However, it is shown in Ref. [43] that stationary maximum
entanglement cannot be reached by the squeezed vacuum
for identical emitters. Here, we show that identical emitters
coupled to the 1D waveguide can also be driven to a stationary
maximum entangled NOON state by the squeezed vacuum as
long as the center of mass is put at the proper position.

The quantum entanglement can be measured
by the concurrence which is defined as [45] ¥ =
maX{O,Xl — )\.2 — )\3 — )\4} in which )\1 ,)\2,)\.3,)\.4 are
eigenvalues, in decreasing order, of the Hermitian matrix
R = .//pp/p with p = (o, Q 0y)p*(0y Q) oy). For a pure
two-qubit state |V) = alee) + Bleg) + vige) + |gg) with
la|? 4 |B)? + |y|> + 18]*> = 1, the concurrence is given by
% = max{0,2|ad — By|}. The concurrence as a function of

J

time for different initial states is shown in Fig. 4(a), where
r =1, r. =0,and r;; = 0.25A¢;,. Different curves correspond
to different initial states. We can see that no matter what the
initial state is, the two-emitter state will be driven to a very
high entangled state. To see what the stationary state is, we
also show the fidelity of the emitter state with respect to the
maximum entangled state %(|gg) — |ee)), which is shown in
Fig. 4(b). We can see that the stationary state is very close
to it. Therefore, under these parameters the two emitters can
be driven to the maximum entangled state which may find
important applications in quantum information and quantum
computation.

To find the stationary state analytically, we rewrite the
master equation in Eq. (6) as

Peg = —2Nypge + (N + Dyi o1 + (N + Dy_p— + Myp0, (15)

pee = —2N + Dypec + Nyspis + Ny_p—_ + Myj5p4, (16)

pit = =N + Dyipip + (N + Dygpee + Nyppgg — My, pu. (17)

P =—QN + Dy_p__ + (N + 1)y_pec + Ny_pge — My_pu. (18)

pu=—CN + Dynpy = 2My, pry = 2My_p_— +2My5(pec + Pge), (19)

where pe. = (ee|plee), pgy = (8810188), prx = (Elpl£) with |£) = J5(ler)lg2) £1g1)le2)), pu = e K (ee|plgg) +

e?oR(gglplee), and y = yi4, yi = yiall £ costko:r12)], ¥i5 = Y1a c0s(2kozre), Vi = via{cos[2ko.re] & [cos(2ko.r) +
cos(2ko, 1)1}, with r, = ("er—”) Then the steady-state solutions are given by

N[—1— N —2N? + (=1 + N + 2N?) cos(dko,r.)]

pee

T 2(1 4+ 2N)[—1 — 2N — 2N2 + 2N(1 + N) cos(dko,ro)]l’

N(1 + N)sin®(2ko,r.)

P+ =

"~ —1—2N —2N2+2N(1 + N)cos(dko,r.)’

N(1 + N)sin®(2ko.r.)

p__=

"~ —1—2N —2N2 + 2N(1 + N) cos(dko.r.)’
—2JN( + N)cos(2kg,r.)

) (20)

Pu

- (14+2N)[-1 —=2N —2N2 +2N(1 + N) cos(dko,r.)]
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where we have used the relation M? = N(N + 1). Obvi-
ously, the population given by Eq. (20) differs from that
given by thermal T€Servoir: p,e(gq) = ,oéﬁ,’(gg) + Ap,p4q(——) =

N(N+1)cos?(2ko.r.)
(142N [14+2N+2N2—2N(1+N) cos(4ko.r.)]

th _ __N? th _ th _ NN+ th — (I+N)
and p,; = ayys P4t = PZ_ = awyps and oy = TNy

which obey the Boltzmann distribution. It is interesting that
the steady state depends only on the center of mass but not
on the separation between the two emitters. Meanwhile, it is
worth noting that the dark state cannot always be reached since
the ergodicity cannot be guaranteed under every condition.
For example, when cos(kg,712) = 1, |+) becomes a dark state,
while it is |—) when cos(ko,712) = —1.

Equation (20) shows that, as r.. gets closer to 7., the mag-
nitude of | gets closer to =1 which leads to smaller population
on |+) and |—) as well as bigger concurrence. When the posi-
tion of the center mass r. = 7 Ao, the steady states are given by

pﬂf‘+(77) — Ap with Ap =

N +1
Pes = 11 2N)
N
Pee = —(1 +2N)’
p++ = p—— =0,
pu = 1y 2YNAEN) @1

(1+2N)

which corresponds to the state |W,) = \/ﬁ(«/N + 1lgg) +

(—1)"+1«/N lee)). The concurrence of this state is given by
fﬁ = | oyl - (o4 +p-2)= Z—M, which monotonically
increases with the average photon number N. When N — oo,

% — 1, which is a maximum-entangled state %(l gg) — lee))

[J5(1gg) + lee))] with even (odd) n.

Figure 5(a) shows the dependence of the stationary quantum
entanglement on the photon number and the center-of-mass
position. It is clearly seen that when r. is close to FAo;
the system can be prepared in a high entangled state, while the
entanglement can never be formed whenr, = Z”T:'I)LOZ because
the dipole-dipole interaction y;, vanishes. In experiments, the
center-of-mass position of emitters may be hard to control,
but it can be effectively controllable by setting the positions’
squeezing sources. Thus, as long as the pump beam in SPDC
is strong enough to guarantee the average photon number of
the squeezed vacuum, the emitters can definitely evolve into a
NOON state. While the dephasing rate is not very sensitive to
the fluctuations of the emitter positions, the stationary quantum
entanglement significantly depends on their center of mass.
Only when the center-of-mass position is around nA /4, the
quantum entanglement is nonzero. In Fig. 5(b), we show half
the range of center of mass where the quantum entanglement
is nonzero. The larger the squeezing is, the more sensitive the
quantum entanglement is to the fluctuation of center of mass.
For example, when N = 1, a deviation of about 0.041 from
nA /4 will make the entanglement vanish.

D. Resonance fluorescence

In this subsection, we study how the squeezing can affect the
resonance fluorescence of the waveguide-QED system. In the

(b) .12 . .
0.10} ]

0.08 | 1
0.06 | .

Arc/kOZ

0.04 - ]
0.02 - .

0.00 : :

0.0 0.5 N 1.0 1.5

FIG. 5. (a) Concurrence of the steady state as a function of average
photon number N = sinh(r)?> and the position of the center mass
Fe = % (b) The impact of r.’s fluctuations on concurrence for
different average photon number N. Ar, is the distance from % A; to
the position where the entanglement vanishes.

following we study how the collective interaction, squeezing
phase, squeezing degree, emitter separation, and the center of
mass affect the resonance fluorescence of this system.

The power spectrum of the resonance fluorescence is given
by [30,46,47]

S(w)  Re / " de Tr[o (7)o (0)]e'", (22)
0

where we assume that the detector is perpendicular to the
waveguide and o* = o;" + 05" for the two-emitter exam-
ple. The two-time correlation function in the integration can
be calculated by the quantum regression theorem. Usually, the
analytical result of Eq. (22) is difficult to get. However, we
can resort to the numerical method to calculate the resonance
fluorescence [48].

To observe the resonance fluorescence, we need to apply an
external coherent driving field. The master equation is given
by

9 i1+ Lp. (23)
dt
where Lp is the right-hand side of Eq. (6) and V =
£ g=ia(emikung 4 ¢~h20,7) 4 Hc. is the interaction be-
tween the driving field and the emitters with Rabi frequency
Qr = d'TE. From Eq. (23) we can evolve and obtain the steady
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FIG. 6. Resonance fluorescence spectrum of the two-emitter system inside a 1D waveguide. For better comparison, the spectra are normalized
to the intensity at w = wy with the coherent elastic scattering singularity removed. Coherent driving Rabi frequency is Qg = 4y . In (a) and (b),
the solid curves are the spectra for the coupled emitters, while the dashed curves are the spectra without emitter-emitter coupling. Parameters:
(a) r1 =0, r, = 0.01%¢,, and squeezing parameter r = 0.5. (b) r; =0, r, = 0.25%¢;,, and r =0.5. (c) r1 =0, r, = Ao, @ =7/2, r =0.5
for black line, and r =1 for red line. (d) r; = —0.125A¢,, r» = 0.125X¢, for the red line; r; = —0.25A¢,, r» = 0.25X4¢, for the black line.

¢=0,r=05.

state of the system py,. Next we use (o, + 0, ) s, as the initial
condition to solve a density matrix c(¢), which obeys the same
equation of motion as p in Eq. (23). The resonance fluorescence
spectrum is then given by [48]

S(») x Re / dt Trle(t)(o] + o)1, (24)
0

In Figs. 6(a) and 6(b) we compare the resonance fluores-
cence spectrum with and without the dipole-dipole interaction
for different squeezing phases and emitter separations. When
ri2 = 0.01X¢, and ¢ = 0 we can see that the spectrum is very
different with and without dipole-dipole interaction. Without
dipole-dipole interaction, the spectrum is very similar to the
typical Mollow triplet (red dashed line). However, with dipole-
dipole interaction, there is a very narrow peak around the
center frequency (red solid line). This is due to the subradiant
state induced by the dipole-dipole interaction. On the contrary,
when ¢ = /2 the spectrum with and without the dipole-dipole
interaction is very similar (black solid and dashed lines).
From Fig. 6(b) we see that with dipole-dipole interaction, the

spectrum can be asymmetric, i.e., the positive and negative
sidebands are different.

In Fig. 6(c) we compare the spectrum with different squeez-
ing degrees. We can see that greater squeezing parameter leads
to the power spectrum in weak-driving-field limit (sidebands
disappear). Figure 6(d) shows that different emitter separation
has different spectrum. This is not only due to atomic interac-
tion which is described by y12,¥/,,A12, but also due to their
positions which determine the values of ylfi, i.e., the effective
phase and magnitude of M. Comparing the red solid curve in
Fig. 6(b) and the red dashed curve in Fig. 6(d) we can see
that different center-of-mass positions can also have different
resonance fluorescence.

V. SUMMARY

We modify the usual squeezed vacuum mode function to
include the position information of the squeezing source and
derive a master equation of the atom dynamics based on
the Weisskopf-Wigner approximation. In our formalism, the
density matrix is positive definite. We then apply this theory
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to the 1D waveguide-QED system where the squeezing in one
direction is experimentally achievable. We show that the en-
hancement and suppression of the dephasing rate caused by the
squeezed vacuum is actually position dependent. In the single-
atom case, the squeezing does not affect its population dynam-
ics. However, in the multiatom case, the squeezing can strongly
affect the population dynamics of the system because two-
photon absorption and emission are allowed in the multiatom
system. We also show that dipole-dipole interaction influences
dephasing rate and we can tune the position of the squeezing
source to tune the dephasing rate of the system. Moreover, we
show that a stationary entangled state can be achieved in this

J

system independent of the initial state and the emitter separa-
tion. Particularly, when the center of mass is close to nig,/4
and the squeezing is large, the system can be prepared ina GHZ
state. Moreover, we study the power spectrum of the resonance
fluorescence. It is demonstrated that the phase of the squeezed
vacuum, emitter separation, and the center-of-mass position
can affect the bandwidth and the intensity of the sidebands.
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APPENDIX A: DERIVATION OF EQ. (6)

Here we show how to derive the master equation (6). We start from a more general case where atoms are not identical but
w; ~ w;, and we make the squeezing center frequency wy = ) w;/l. Then we can rewrite the interaction Hamiltonian in Eq. (3)

as
V()= —ih Y _[D(O)axs(t) — D*(D)ay (1], (AD)
ks
where
D(t) = Y[p; - k() S} (0) + B - e () S ()] (A2)

Since (ay ) = (a;m) = 0, the first term in Eq. (4) vanishes. Therefore, we have

dp’
dt

_ ! tdrTr {IV(),[V( —1),050 — T)pF}
- hz 0 F ’ P 14

L s F s F
= —?/ dtTrp{V() V(i —r)p°(t —1)p" +p°@t —1)p" V(I —T)V(2)
0

—Vpt —0)p Vi —1) = V(i — et —Dp V). (A3)

Here we just show how to deal with the first term in Eq. (A3); the remaining terms can be calculated in the same way. For the

first term, we have

1 ! N F
—ﬁ/ At Tep{V(OV(t — 1)p*(t — T)p"}
0

0 ks, k's’

= f dr Y {DOD(t — T)Tepp" ag,(Dapy (t — )] — DDt — DTer[p’ ar(D)af, (¢ — 7))

— DY 0)D(t — DTrrlp" af (Daws(t — D1+ D¥(ODH(t — D) Teplp”al (Da), (t — D1t — 7). (A4)

Using Eq. (A2) and the correlation function Egs. (5a)—(5¢e), under the rotating wave approximation (RWA), we have

1 [ s .
_?/o dr Trp{V()V({Et —1)p°(t —T)p"}

t
= Z Z [ AT{p; - e (r) ST - g (r) ST '™~ IOkt OO T ginh(r) cosh(r)8y ok, -y ]
0

ij ksk's
+ iw; -
— W - Ugs(r;)S; elwtﬂj‘ : uZ/Sr(rj)Sj e

—iw;t

— Wi uks(ri)S; e

—iw;t

— ;- u,(r)S; e

7iw‘,v(t7r)efia)k/lrr

by )57 €D

cosh? r8y8sy
2
cosh r8kkf8”/

Bj- uk/s/(rj)Sj.*e“"f(’_T)e""’f"“’f sinh? 78 85y

* + it — —iwj(t=T) JiopyT ;a2
K- uks(ri)Si e ”’j ’ uk’s’(rj)Sj ¢ il )elwks sinh F&gx Sss'

U () ST T W () S e TV Ot I T sinh(r) cosh(r)Su ok, k85 1} (E = 7). (AS)
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where we have the relationship ) — W [ k*dk fQ In Ref. [30], it has been shown that
%

o / Kk / Do s i)~ 3 [ dwwtran, (A6)
with
3 e g SinCKT) B 2 [eostkri)  sin(kri))
F(krij) = {[1 cos ot]—krij +[1 -3 cos Ol][ (krij)? (kr;j)? “
3,2
NCT: (A7)

3meghcd’

where r;; =r; —rj, rjj = |r;jl, « is the angle between r;; and u;, and the approximation in Eq. (A6) becomes equality when
w1 = wy. We can also show that

SYivi [ ) k
k2dk/§ i Uks(ri)I - Uy (1) & /d 200 — F(k—
/ o Mi - Ups(r )[L] Usko—1,s(T}) ang ; ww'oRwy — w) 0 ko

s

I’,‘j + 21‘_,‘

Qr) )eZikOR, (A8)

where R is the distance from the sources to the center mass of two atoms and the approximation becomes equality when w; = w».
Next, we will show how to calculate the first and the second terms in Eq. (A5) and the remaining terms can be approached in the
same way. Using Eq. (A6), the second term in Eq. (A5) can be simplified as

t
Z/ dt p; - uks(rl-)Sj'e"""’;Lj . u,ts(rj)Sj_e”‘”f(”t)e"’”’”r cosh? rpS(t — 1)
0

— cosh? XY / dr f do o’ F(krij)e' @ =0 @m0t st 57 p5 (1 — 1), (A10)
7Ta)0

with F(kr;;) given in Eq. (A7). We calculate here the integral of the first term in F(kr;;) (i # j) and the other terms can be
calculated similarly:

coshzr—vzy’y’63 / / dk kST oot g1 5 S — pyelteronn
7T(,()0

r

C . . . .
COSh2 Vi y] 3 / f dk k2 (et(k kjyrij+ikjrij _ e*l(k*kj)}’,‘j*lkjr,'j )eft(kfk_,-)c‘: S[—FSJ—IOS(I _ _L,)et(a),-fwj)t
ano 2ir;;

22

NGTGE
cosh? r ¥ 22 / AT =[50y — cr)e7 — 8(r; + cr)e RIISEST S0 — Tyl
Ty 0 irij

cosh? r

%

WV 43 b4 )
MVIE 20 T pitsrs g 5 pS(p)el o

271(1)(3) 2 chr,j

ikorij

s*s p3(t)e! @it (Al1)

%

3 2
1 viyjcosh”r

In the second line of the equations, we replace fo dk by ffooo dk since the main contribution comes from the frequency around

wp and the negative frequency part leads to a fast-oscillating term such that its integration fol dt vanishes. From the second line
to the third line, the Weisskopf-Wigner approximation [30] is applied and k is replaced by k; because the contribution comes
mainly from the resonant frequency. From the third line to the fourth line, we assume that the two atoms are very close that the
time-retarded effect can be neglected. In the last line, we use the fact that w; &~ wy.

The other terms in Eq. (A10) can be calculated in a similar way and the result is given by

JSYiVi 1 A
2”’/ / dk I F (krij)e' @ =t e/ @im ot st o pd(t — 1) = <§yi,-+iA,-,»>stjps(t)e’<wf—wf>’, (A12)
Tw}

where

cos(kor;j)

sin(kor;;) COS(korij)]}

B 2
+ (1 3 COS a)[ (k()rij )2 (k()rij)3

3
Ayj = ZW{—Q — cos’ )
Yij = Vv Fkorij).

otij

(A13)
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All the other terms with the combination of S;" and S, can also be calculated in the same way. Thus all the thermal terms and
oscillation terms in Eq. (6) can be given.

Next we need to calculate the squeezed vacuum terms including S;" S]Jf or S;S; . Here we show the calculation of the first
term in Eq. (A5) as an example. By inserting Eq. (A8), the first term of Eq. (AS5) yields

3 / dr / PE s - kg s (M, - Uk ()T SE S pS (0 — 1)

ks,k's'
2k k , .
= L0 / / dk k2o — )F( ROREY >e'<wk-wf>fsi+sjp5(t — 1)etilaR
0
4/_ ; k
Vi Vj / / dk F<k0 kor” +2r; ) i(wx— a)o)TS+S+ S(l‘ 7:)eszoR (A14)

From the second line to the third line, the integral limit is extended to +oo and k*/k(2k — k) is pulled out as kj according
to the Weisskopf-Wigner approximation. To calculate one term with fixed i, j, we need to rebuild the coordinate system where
ri +r; =0fori # j (we need to build different coordinate systems for different pairs of 7, j). For example, we consider here
the first two atoms, i,j = 1,2. When i = j, this term directly gives %y cosh? r F(2ko|r ;1)S;"S;t p5(t). When i # j, since there
is a singular point at k = ko, the calculation is a little bit more complicated but can still be calculated. We have the following
integrals:

00 .
sinkr;; _.,. T
/ dk—L 7T = —0,(r;j — c1),
—0 krij rij

(A15)

(kr,’j)z (kl’ij)3 2ri3j

/OO dk[COSk’”[j Sinkrij]e—ikct — N(CT — }”,’j)(CT + rij)ez(rij — CT),

o]

where 60 5(x) are step functions: 6;(x) =0 when x < 0, 6;2(x) =1 when x > 0, and 6,(0) = 1/2 and 6,(0) = 0. Since
F(k0|k£0ri,- +2r;|) = Fl(k — ko)r12], we have

t 00
f dr / dk F[(k — ko)riale" =% pS(1 — 1)
0 —

o0
<03 l
=/ a2 (1 = costa)™ 4 (1 — 3 cost ) T~ rf)f”“’” S(t — 1) (A16)
0 2 rij 2r;
T
~ —p*(1).
C

In Eq. (A16), the emitter separation is assumed to be small and the Markovian approximation is applied such that p5(t — 1) ~

03(t). Hence Eq. (A14) gives sinh r cosh r 2 ” St S;r S(r) with Vi, = = e?*oRy F(ko|r; + r|) after transforming the above results
to the original coordinate system [although replacmg k by ko in Eq (A14)’s last line yields the same result, it is not always safe
to do so since F(x) is an oscillating function]. Having dealt with all the squeezed vacuum terms, we can get

S a Qo o o S a S ca
_z__ZZVu SiSj+SiSj;0 —ZSjp Si)
a==x i,j
. (A17)
: . . —\ ,—i(wj—w;
— Y VNS S] + 57} oS =28} pS e
L]
— iy AyLSTSpSle e
i#j

and Eq. (6) is the special case when w; = wy.
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APPENDIX B: POSITIVE DEFINITENESS OF DENSITY MATRIX

In the following we will show that Eq. (6) can be written in the Lindblad equation and it is positive definite:

= —i Y (H. 051+ Y hun (LupLin = 5oL L + L Lup)), B1)
i m,n
where
H =Y Ay;S's;.
i#j
L1=Sr’ L2=S;7 L3=S3_7 L4=S4_’
yi1 sinh? Y12 sinh? r v{;sinhr coshr  y/,sinhr coshr
" y12 sinh? r yi1 sinh? r Vi, sinhr coshr  y/, sinhr coshr (B2)
yi1 sinhr coshr  yj, sinhr coshr y11 cosh? r y12 cosh? r
Yipsinhr coshr  y/; sinhr coshr Y12 cosh? r yi1 cosh?
Here, for simplicity, we have already used the relations y|, = 5, Y12 = Y21, Y11 = ¥22,and y{; = y3,. The last relation y{, = v;,

is not always satisfied, but without it we cannot diagonalize matrix & analytically. Hence we set r; + r; = 0. Now matrix A can
be diagonalized:

h=ul & u, (B3)

where u is a unitary matrix, and

1T . . /
&G = 3 (v11 — vi2)(1 + 2 sinh? r) — \/()/11 — y12)? + 4 sinh? r cosh® r(y{, — ¥/,)?|,
1 i . : ! /
&= 3| (rn = y)(1 +2 sinh’ r) + \/<yu — y12)% 44 sinh’ r cosh® r(yf, — y{p)? |,
i o2 A2 2 ] (B4)
& = 5| O yi)(1 2 5inh2r) = /(11 + yi2)? + 4 sinh 7 cosh? r(vf, + {22 .
il . . , ]
&= 5| (i + y)(1 +2 sinh® r) + \/m +y12)2 + 4 sinh® 7 cosh® r(y]; + )2
We noticed that since |y;; — yi2| = |y¥; — ¥i,| for r; +r; = 0, none of the eigenvalues is negative, so the density matrix is

completely positive for any initial condition. For arbitrary r;,r;, we can only get the positive eigenvalues numerically.

APPENDIX C: DERIVATION OF EQ. (11)

Now let’s consider the perfect rectangular waveguide with cross section a x b. The rectangular waveguide can support both
TE and TM electric-field modes and they are given as follows (to get a neat expression of field equation, we set the origin of our
coordinate system at the corner of the waveguide):

. mMITX . NIy mix nmwy .
EzTM = FEysin sin—=¢'k:% HzTE = Hjcos cos —=¢'k:z
a b a b
ik, mm mmx . nwy ;. iwg nw mmx . nwy
EIM =Ey cos sin—= ¢ EEE = H, S— ——Cos sin—= ¢
hz., a b hz, a a b
ik, nm | mmx nmwy . iy mmw | mux nmwy .
E)T,M = E S———sin cos —= etk:z EyTE =—H, S———sin cos etk
hz. a hz, a a b
i€ nT | mox nmwy ik, mm . mmx nwy .. .
HXTM = E, S———sin cos —=etk:z HxTE = —H, > ——sin cos —= etk:z
hz, a a b hz. b
iwre mm mEX . ATy . ik, nw mmx . AWy
H™M=_E — cos sin—=¢'%? HTE = _H,—=~ " cos sin—=¢'ke?, (CD
’ 2 g a b r n2 g b
mn mn
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where h,,, = Vv (ﬂ)2 + (%)2, €(w) is the permittivity (permeability), and Hy, E are arbitrary constants. For quantized modes,
we have Ey = \/4nh2,, /€2uvLS and Hy = \/4hh2 Jeu?vLS [34]. The dispersion relation inside the waveguide is given by

n
a),% /c? = (mm/a)? + (nmw/b)* + kf. For simplicity, v&ig consider here the waveguide with square cross section, i.e., a = b, and the
dispersion curves of different modes are shown in Fig. 1(b). For square waveguide, TE,,,(TM,,,,) and TE,,,(TM,,,,) modes are
degenerate and TE o and TE(; have the lowest energy.
We assume that all emitters’ transition frequencies are the same and they are below the cutoff frequency of TE;; and TMy;
modes. Since the rectangular waveguide cannot support the TM ;o and TM,; mode, the emitter can only couple to the TEy; or
TE o modes. Here, without loss of generality we assume that the transition dipole moment of the emitter is in the y direction.

Thus it can only couple to the TE |y mode. The emitters are assumed to be located at the center of the waveguide cross section,

ie., (2 2,r,) and 2,2,}’/) In this case, the mode function for TEy mode is given by uy (r;) = /::L';)A) ik:(r—or) with S = a2

By reducing the cross section, we can increase the amplitude of the mode function and therefore the coupling strength.

Compared with the free-space case shown in Appendix A, the only modification to the calculation for the waveguide is
Y ks = 2 i in Eq. (A5). We calculate here the first and the second term in Eq. (A5) to show how to get Eq. (6) and Eq. (11).
For the second term, we have

—Z f dT i -k (TS - ugy (r)S TV T TINT cosh® rp(t — TSk b

L . . o .
~ 5 / de/ dt e"“”re_""*ZTZ—Mﬁe’kz("_’f) cosh? rSfS;pS(t - 1)
T J_ €0

%

2
; . () ik (i —r s ik (i —r _
_ = dk / dt etwore—z[wo-&-czkuz(kz—kgz)/wo]‘rk_“‘[ezkj(r, ;) Le ik, (r; rj)] COSheriJrS< /OS(I _ 'L')
E()LSh y

%

2
- / ds kz / dt e lTCZkO:‘Skz/(UO%[ei(kmﬁsk;)(rifr;‘) + e*i(koz+8k3)(r17rj)] COSh2 I"S;,—ST,OS(I _ 'E)
ko- 0 60LSF£ J

%

w,
_2_/ dakZ/ dt e kodk: /wka_“Sh[ ol koet8ke)ri=ry)  p—ilko; +6k)(ri ’f)]cosher+S o5t —1)
T J_ €0

L '  wou? © kg . ko
N —— 2 (ri =) ) z —ikoy(ri—r;) o 4 2 oto— So,
N ; th()LSflzn e'ko P8 (i — 1)) o T | 4 e Dol (ry —rj)+ ‘L’) cosh”rS; Sj,o (t—1)
L ikoori; wo i 2 o+ S
R ——eMi —— D27 cosh™rS;"S; p°(t
27{6 eoLSh cszZ " P

X

- [% cos(korij) + i%sin(k()zr,-j)] cosh? rS;" Sj_,os(t)

(’/2” +zA,,) cosh® rS;S7 pS(1), (C2)

where emitter separation r;; = |r; — r;|, Y1« = 2M2w8 /heoSc?ko, is the spontaneous decay rate in the waveguide as is shown in
Eq. (10), y;; = y14 cos(ko.ri;) is the collective decay rate, and A;; = y14 sin(ko.r;;)/2 is the collective energy shift. In the third

line we expand w; = ¢,/ (1)2 + (k,)? around k. = ky., since resonant modes provide dominant contributions. In the fifth line we

extend the integration f dk, — f > dk, because the main contribution comes from the components around 8k, = 0. In the
next line, the Weisskopf- ngner approxunatlon is used. Thus we have obtained y;; and A;; as is shown in Eq. (11).
Next we need to calculate the first term (squeezing term) in Eq. (AS5):

t
Z f dt i - oy () S} 1 - ue(r)S e[ sinh(r) cosh(r)]pS(r — 1)
0

2ko, /—
=__f dk, / d o n~0" g Ghac—kr—o0) giki(ry—on) V2 "’2";;; S sinh(r) cosh(r)S;* S p5(t — 1) (C3)
€0

_ = dk. / it €Ot i o= i 1o N/ TP K sinh(r) cosh(r)S;* ST pS(t — 7).
—2ko, EOLSh
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Fori = j, Eq. (C3) reduces to

t
> / dt pi - ok, k(r)S; ;- ug(rj) ST = [ sinh(r) cosh(r)]p* (¢t — 1)
. 0

L[ N o
B __./ dkz/ dre o &R ik (ri—on) V2o Tk BE " sinh(r) cosh(r)S;" S}
27 0 €oLSh

0 c
_L/ dk /tdre ff (ke =ko)T |, —i2ko.(ry—02) N/ Phe D= 2ho: k- en
ke eoLSh

pS(t — 1)
sinh(r) cosh(r)S;" ST p*(t — 7)

(C4)

t 2
:_i[eiZka(n*m)+e*i2ko:(l‘f*02)]a)k0 /d 27 8(

i + o+ 8
2 e LSh o >Slnh(r)cosh(r)Sl. Sj 3t — 1)

L . ) ) 2 t 2k
_ _2_[612ka(ri701) 4 e*leo:(l,‘foz)]% / dr 27‘[8(6 0z ‘L'> sinh(r) COSh(r)Sj_S;_,OS([ —1)
v/ €0 0 o

2
- _eﬂkOZREO;’g—’;]% cos(2kor;) sinh(r) cosh(r)S;" ST p%(1)

= _eﬂkﬂzR% c0s(2ko.r;) sinh(r) cosh(r) S ST p* (1),

where we have used the fact that the origin of coordinate system is at equal distance from two sources (i.e., 0, = —0; = R) in
the second to last line. Thus we have y/; = y4 cos(2ko.r;). Fori # j, Eq. (C3) reduces to

t
> / dt i - ok, ,k(r)S; ;- ug(r))S; e [— sinh(r) cosh(r)] p*(t — 1)
. YO

L [k Ok, W2k, — M
= dk, f dTe o e R0T 2k re—01) ik —hoo)ri—ry) N ke 2o ke I 51nh(r)cosh(r)S+S+PS(t—T)
o €L Sh
; o Wk, D2k H
- dk, / dr e w TR ikl g miththori—rp N 20T inh(r) cosh(r)S; ST pS(t — 1)
—2ko,

GOLSh

L Zko: i Choe ko —k Ok, @24, M
= dk, / dr e TR gidkou(re—on) pmilke—hoo)ri—ry) N NP2 sinh(r) cosh(r)S;" ST p°(r —

GoLSFl )

2k
k. —k _ _ _ «/a)kw2k+kﬂ
- dk, / dre wo( 027 p=ikos(re=02) p=i(—keho:)(ri=r) & sinh(r) cosh(r)S;" ST p°(t — 1)

GoLSfl
L

= 2 pietremon Dkl / dk, / dre oo (e R0T itk —hoo) i 1)) sinh(r) cosh(r)S;* S p5(t — 1)
21 GQLSFL

27t

L ior @0l i2ko,r c’ko —i2kor, c’ko
=—Ee O”Rm A dT27T e'le§ rp—rj— Z‘L' +e 0:le § ri—rj—i— <

wo wo

— gmiZkos(re—on) Dhuclt / dk, / dr ol T itk ") sinh(r) cosh(r)S; ST p%(t — 7)
GoLSﬁ

‘L’):| sinh(r) cosh(r)S;" ST p°(t — 1)
— _ iR 60(2)#2 ei2k03r(.sgn(i—j)S+S+p5(t) — _meikaR coslko. (r; + r<)]S+S+pS(t)
€ohiScko, P 2 0TI 2 ’

(C5)
where sgn(i — j) is the sign function. The last arrow is because we need to sum over i, j, so the imaginary part of ¢/2-"<*&"( =)
vanishes and the neat result is that yl.’j = e’ZkOZRyld cos[ko,(r; + r;)]. As for SI.Jr ,os(z‘)S;.r terms, the combination of the last two
terms in Eq. (A3) will make the imaginary part of ¢/?f0:"¢"(=/) yanish. Thus we have Vi = e'%0:Ry, 4 coslko,(r; +r;)]. If one

needs to get y;;, yi; ,and A;; in the unidirectional waveguide case, we just need to discard the second terms in the parentheses of
Eq. (C2) and Eq. (C5).
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